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being slightly steeper (after adjustment by removing the regional seafloor slope). The height of 247 the ridge is around 25 m. Around 56°25' W are two subtle ridges (here termed the central and 248 eastern ridges; GZWs 2 and 3 on Fig. 3 ) around 10 m in height and oriented NNW-SSE. The 249 central ridge is asymmetrical with a steeper west-facing slope (average slope 0.9°) and a gentler 250 east-facing slope (average 0.3°) whereas the eastern ridge is symmetrical in cross-section. The 251 large western ridge is located at the crest of a landward-deepening section of Disko Trough and 252 the two smaller ridges are situated on this slope (Fig. 3) . The two smaller ridges are located 253 around 35 km east of the large ridge and the small ridges are 6 km apart (crest to crest spacing). 254
On sub-bottom profiles the top of the ridges and sedimentary wedges that underlie them are 255 defined by a relatively strong, prolonged reflection with an undulating surface; the wedges 256 comprise acoustically-homogenous to acoustically-transparent material (Fig. 3b) . Weak, 257 discontinuous sub-bottom reflections are occasionally visible at depths of several tens of metres 258 below the surface reflection. There are no other units overlying the western wedge (GZW 1) at 259 its shallowest point, but on its east-facing slope is a conformable, homogenous to stratified unit, 260 5-20 m thick that thickens towards the east, i.e. in the overdeepened part of the trough. ridges rather than distinct seaward-facing scarps (Fig. 6) . Moreover, the ridges occur on a 272 landward-dipping slope, which is somewhat unusual for GZWs on northern hemisphere 273 glaciated margins. GZWs most often form at locations where palaeo-ice streams stabilised 274 during retreat, for example, at topographic pinning points including trough constrictions and 275 (or) shallowings (cf. Jamieson et al., 2014) . 276
The morphology of the western ridge (GZW1 on Fig. 3 ), which is very wide in the direction of 277 ice-flow (~35 km) and has low relief (<25 m), does not favour formation as a terminal moraine 278 but it could be an older moraine ridge or GZW that has subsequently been overridden (e.g. 279 Ottesen and Dowdeswell, 2006) , although the ridge is wide compared to previously-described 280 overridden moraines. The dimensions and asymmetry of the ridge are more consistent with an 281 interpretation as a GZW. We may explain the subtle and rounded surface expression and the 282 extreme width of this feature as a result of its position on the cusp of a reverse-bed slope. The 283 cusp of the slope would further reduce the already limited accommodation space available for 284 sediment deposition at the grounding zone, assuming that the grounding zone was indeed 285 bounded by an ice shelf and that the wedge of material accumulated in a low-gradient, water-286 filled cavity beneath the ice shelf (Dowdeswell and Fugelli, 2012) . Thus, a relatively thin wedge 287 of subglacial material accumulated over a broad grounding zone, rather than building a 288 pronounced positive relief feature. 289
Our preferred interpretation of the central and eastern ridges in Disko Trough (GZWs 2 and 3 290 on Fig. 3 ) is as small GZWs deposited during stillstands in the retreat of an ice stream in Disko 291
Trough, although their position on a reverse-bed slope is unusual. Minor GZWs with similar 292 dimensions have recently been identified on the mid-shelf in Uummannaq Trough some 250 km 293 to the north . The stratified to homogenous sediment unit overlying 294 the wedges is a deglacial to post-glacial sediment drape deposited from suspension after 295 grounded ice had retreated towards the east. These units correspond to the stratified muds and 296 diamictons and homogeneous muds found in cores VC26 and VC01. Radiocarbon dates from the 297 deglacial sediment units, although not from the area overlying the wedges, are all Holocene in 298 age ( Table 2 , Jennings et al., 2013) implying that the wedges most likely formed following 299 retreat of ice through the trough from the Younger Dryas extent on the outermost shelf (Ó 300
Cofaigh et al., 2013a). 301
Given that ice-stream retreat was towards the east in Disko Trough, this means that the GZWs 302 identified here occur on a reverse-bed slope. On reverse-bed slopes, in the absence of lateral 303 drag, there is a strong positive feedback that promotes grounding-zone retreat by increasing 304 strain rates and ice losses and destabilizing the grounding-line (Weertman, 1974; Schoof, 2007) . 305
However, the regional bathymetry shows that Disko Trough does indeed narrow at the location 306 of GZW1, and, thus lateral drag with the sides of the trough increased in this area and may have 307 temporarily stabilised the ice margin during retreat. GZW1 is also in line (outside of the trough) 308 with the westward extension of the Store-Hellefiske Banke marked by the 200 m contour to the 309 south of the trough, and with a shallow bank (300-350 m deep) on the north side of the trough 310 (Figs. 2, 3) . Constriction of the trough width and these bathymetric features likely facilitated any 311 short stillstand(s) during retreat on the mid-shelf. 312 313
Glacial lineations 314
Description: On the inner shelf there is a small area around 55° 45'W of lineated terrain 315 comprising linear ridges 5-10 m high, several hundred metres wide and extending for between 316 5 and 14 km (limited by the edge of the multibeam data) (Fig. 4a) . One broader ridge (about 3 317 km wide) occurs in the deepest part of the trough but disappears to the west. At the eastern end 318 of some of the ridges are streamlined peaks rising around 50 m from the surrounding seafloor. 319
The streamlined peaks and ridges are oriented in an ENE-WSW direction. On TOPAS seismic 320 profiles the upper surfaces of the linear ridges and streamlined peaks are defined by a strong, 321 continuous reflection that is more prolonged on the ridges; rare sub-bottom reflections can be 322 identified beneath the edges of the linear ridges (Fig. 4c) . The ridges and peaks are mantled by 323 5-10 m of acoustically-stratified to homogenous material. form the "crags" of the crag-and-tail features and confirm that ice flow was from east to west in 328 the trough. The sub-bottom reflections seen on TOPAS profiles beneath the ridges suggest that 329 the "tails" are composed of sediment, whereas the crags probably consist of bedrock (Fig. 4c) . 330 331
Rugged seafloor and channels 332
Description: Between 56° W and 54°30' W the bathymetry in Disko Trough varies sharply 333 between 270 m water depth and 570 m depth (Fig. 4a) . The shallow areas are characterised by a 334 rugged morphology that has a N-S to NNE-SSW fabric defined by scalloped to sinuous scarps 335 that are steep on their east-facing sides (3-14°) and dip gently (1-2°) on their western sides. The 336 terrain is smoother in the east and west where rounded crags occur on shallow plateau or 337 mounds and the linear fabric is less defined (Figs. 2, 4a ). On the eastern sides of several of the 338 scarps and protuberances are well-defined curvilinear channels that bend around the seafloor 339 highs. Cross-sections of the channels reveal that they are usually u-shaped in profile and can 340 have flat bottoms; maximum widths and depths are around 600 m and 45 m, respectively. In 341 other places the areas between the highs are overdeepened by several tens of metres to form 342 either linear flat-bottomed depressions or linked cavity-depression systems. A second area of 343 rugged seafloor, with scalloped or sinuous scarps up to 20 m high, is present on the outermost 344 shelf (around 58°45' W) in the bathymetry data (Fig. 2) ; here the escarpments trend NE-SW. 345 Sub-bottom profiles over the rugged seafloor and channels on the inner shelf show that this 346 morphology is defined by a strong, continuous reflection that becomes more diffuse on steep 347 slopes (Fig. 4b) ; no reflections are visible beneath this impenetrable reflection. The upper 348 reflection is overlain by a 5-20 m thick acoustically-stratified, conformable unit (Figs. 4b, c) . 
Acoustic facies 380
Profiles acquired with the TOPAS sub-bottom profiler show that four distinct acoustic facies are 381 present in Disko Trough (Fig. 5) . Maximum penetration through the sediment package was 40-382 50 m. Each of the acoustic facies (AF1-AF4) is described below followed by the interpretation of 383 their depositional setting. 384
Description: Acoustic facies 1 (AF1) is found at the seafloor on the outer shelf in Disko Trough 385 and mantling bedrock highs on the inner shelf. It comprises a thin (<10 m) acousticallyhomogenous unit that conformably drapes underlying units except on steep slopes where this 387 facies disappears. AF2 is also conformable but it is acoustically-stratified with individual strata 388 being 1-3 m thick (although thinner strata may present but are below the resolution of TOPAS); 389 the total thickness of this unit ranges from 5-20 m. It is present in the deeper E-W trending part 390 of inner Disko Trough (cf. Fig. 5a ) and mantling the adjacent rugged basalt highs. AF3 is 391 acoustically homogenous with a moderate to strong, upper reflection that can be prolonged. 392
This unit has variable thickness in Disko Trough tapering to nothing, infilling local depressions 393 (Fig. 5c) , and forming positive-relief wedges. Its basal reflection is discontinuous and typically 394 only weak to moderate in strength. AF3 is found at the seafloor on the basalt escarpment where 395 its upper surface is interrupted by iceberg ploughmarks (Fig. 5c ). This facies is also found in the 396 subsurface of middle-outer Disko Trough where it is overlain by AF1 and AF2 (Figs. 5b, d) ; 397 thicknesses range from 0-30 m. The GZWs and glacial lineations (tails of crag-and-tails), which 398 are interpreted as landforms formed subglacially, comprise AF3. AF4 is rare in Disko Trough, 399 occurring only where it infills the E-W deep on the inner shelf (Fig. 5e ). It is acoustically 400 transparent and onlaps on to the walls of the depression. as a till, whereby the mixture of grain sizes scatter acoustic energy and the lack of internal 425 structure result in an acoustically-homogeneous response on sub-bottom profiles. 426 427
Core lithofacies and sediment accumulation rates 428
Lithological logs, physical parameter data and IRD counts for cores VC 15, VC17, VC19, VC20, 429 VC21, VC26, VC01, VC25, VC23, and VC24 are presented in Figure 6 ; example x-radiographs of 430 the lithofacies are given in Figure 7 . 431 432
Facies 1: Diamictons 433
Description: At the base of the cores VC17 and VC19 is a dark grey (5Y 3/1 to 5Y 4/1) stiff 434 diamicton with a muddy matrix supporting a mixture of sand-, gravel-and pebble-sized grains 435 ( The micro-structure of the diamicton in VC17 coupled with its lower shear strength values lead 455 to the interpretation that this unit is a glacimarine diamicton deposited in an ice-proximal 456 setting either as subglacial material emanating from, but deposited in front of, the groundingline, or as an iceberg-rafted deposit. The presence of discrete clusters of grains and deformation 458 at the base of these clusters at the micro-scale indicate an origin as an iceberg-rafted diamicton 459 is most likely; highly inclined to vertical clast orientations observed in the thin section support 460 this interpretation. The low shear strength measurements of the diamicton in VC19 and VC15 461 together with the similarity of these units with the diamicton in VC17 suggests that the VC19 462 and VC15 diamictons can also be interpreted as an iceberg-rafted glacimarine diamictons. 463 464
Facies 2: Muddy sands with pebbles/muddy sands 465
Description: At the base of VC21 and overlying the diamictons in VC17, VC19, and VC20 are grey-466 brown (5Y 5/1 to 5Y 5/2), fine to medium, poorly-sorted sand units containing occasional 467 gravel layers and dispersed outsized clasts. Thicknesses of this unit are less than 40 cm in all 468 cores where present; in VC19, our outermost shelf core site, this unit is only 8 cm thick. From 469 visual inspection of the cores the facies appears mostly massive, however x-radiographs reveal 470 that the sands are occasionally weakly-to moderately-laminated to stratified with occasional 471 planar discontinuities (Fig. 8b) , and patches of finer-grained material and gravel layers (Fig.  472   8a) . In VC21 the unit is moderately-stratified with 2-3 cm thick strata, clast-rich layers and a 473 possible load structure at 486-488 cm core-depth (Fig. 8b) . Dispersed or clustered clasts in this 474 unit are subangular to subrounded in shape and are typically between 0.3-1.2 cm in length; 475 quartzite, carbonate, granite, and basalt lithologies occur. The clasts show moderate alignment 476 that is parallel to the planar discontinuities in the core. Counts of clasts >2 mm are moderate to 477 high (4-30 clasts per 2 cm window) but variable in outer shelf cores (VC15, VC17, VC19, VC20); 478 in VC21 the clast content is typically lower (<5 clasts per 2 cm window) (Fig. 8a) . Investigations 479 of the microfauna in VC21 indicate that this facies is barren or contains rare, poorly-preserved 480 tests of Islandiella helenae and Cibicides lobatulus. In VC20 the muddy sands are dominated by I. 481 helenae but also includes Cassidulina reniforme and Elphidium excavatum f. clavata (Jennings et 482 al., 2013) . 483
The shear strength of the muddy sands is moderate with measurements between 10-20 kPa 484 in VC19 and VC20 (Fig. 8a) . MS data is only available for VC20 where the values are inconsistent 485 varying between peaks and troughs, and only showing weak correlation with grain size in the 486 unit above the diamicton (Fig. 7a) . There, MS values appear to be slightly lower in the coarser-487 grained facies. In general, MS values appear to be higher in the sands above the diamicton (397-488 422 cm) than those underlying the diamicton (520-539 cm). of the ice margin via calving with the setting changing rapidly from ice proximal to ice distal 506 from c. 12.2 to 11.4 cal. kyrs BP. We note that 12.2 cal. kyrs BP is a maximum age for this unit 507 because it is derived from a shell reworked in to this unit from the underlying till and so dates 508 and rare shell fragments (Fig. 6b) . The grey sub-units (5Y 5/1 to GLEY 6/1) consist of fine-516 grained muds with some dispersed clasts; the brown-grey (2.5Y 5/2) sub-units consist of a 517 higher proportion of silt-and sand-sized grains and a high content of dispersed clasts and can 518 be classified as diamictons. The diamicton units are typically thicker (1-3 cm) than the finer-519 grained units (<1 cm) (Fig. 8c) ; clasts are largely restricted to the diamicton layers. The clasts 520 are subangular to subrounded and are up to 3 cm in length; clast lithologies are dominantly 521 granite and basalt. Contacts between the coarser-and finer-grained sub-units are horizontal to 522 sub-horizontal, and appear diffuse or gradational on visual inspection of the core. However, x-523 radiographs of VC24 reveal that the contacts vary from diffuse to sharp (Fig. 8c) , and that they 524 are sometimes deformed by load structures or localised faulting. In general, the upper contacts 525 of the diamicton units are sharp whereas their lower contacts are more diffuse or gradational. 526
There is a down-unit trend to better-defined strata with sharper contacts between the sub-527 units. From 510 cm to the base of the core the finer-grained mud units are laminated and 528 contain coarser 0.1-0.3 cm thick laminae that are sometimes only weakly defined. From 270 cm 529 to 310 cm core depth the unit is bioturbated and vertical burrows have "smeared" or destroyed 530 the mud-diamicton boundaries in patches. In total, there are at least 74 mud-diamicton pairs or 531 "couplets" from 310 cm to the base of the core that can be seen on the x-radiographs. 532 IRD counts from this unit (Fig. 6b) were still passing over the area during the deposition of this facies. In addition, although 557 foraminifera are rare in the stratified unit, the faunal assemblage is associated with modern 558 glacimarine settings (cf. Schafer and Cole, 1986; Jennings and Helgadóttir, 1994) , and indicates 559 that turbid meltwater was present during deposition. Thus, we prefer a meltwater origin for the 560 muds with occasional icebergs, over periods of complete sea-ice cover. Facies 3 is interpreted as 561 the product of alternating sedimentation from icebergs and from turbid, subglacially-derived 562 meltwaters with the dominant depositional process varying over time.
In the upper part of the mud-diamicton unit in VC24 the diamictons are less well-defined and 564 contain fewer gravel-sized clasts (Fig. 7d) and this is interpreted to represent a gradual increase 565 in the importance of sedimentation from suspension over iceberg calving with time possibly 566 related to ameliorating climatic conditions and, therefore, increased ice-mass loss by melting 567 rather than calving. The occurrence of bioturbation, which becomes extensive towards the top 568 of this unit, also supports ameliorating conditions and retreat of the ice margin further 569 landwards (to the east) during the deposition of these units. 570 571
Facies 4: Massive to laminated muds 572
Description: The upper 33-455 cm of all of the studied cores in Disko Trough, apart from VC15 573 on the outermost shelf, consists of green-grey to grey massive muds (5Y 4/3 to 5Y 4/1); cores 574 VC01 and VC25 only sampled this unit (Fig. 6b) . The muds are heavily bioturbated sometimes 575 with black mottles on their surface, and contain mollusc shells or shelly fragments. They contain 576 only rare outsized clasts and sand-sized grains (Fig. 8e) and are very soft with high water 577 contents; shear-strength measurements are typically less than 5 kPa and free-standing water 578 was present during core logging. MS (based on data from VC01, VC20 and VC24) varies from 10-579 250 × 10 -5 SI with down-core trends varying from increasing (VC20), to decreasing (VC01; not 580 shown) to remaining roughly consistent with multiple peaks and troughs (VC24) (Fig. 7) . 
Sediment accumulation rates 610
The new radiocarbon dates presented here (Table 2) abundant IRD (Facies 2) suggest that the cores were located proximal to the ice margin, at one 635 time during overall retreat from the outer shelf, and that the main mechanism for initial ice loss 636 was calving of icebergs. The up-unit decrease in IRD content in these units (Fig. 6a) most likely  637 shows that the ice margin was retreating further eastward during the deposition of these units 638 and, as a result, fewer icebergs passed over the core sites or the majority of the debris had 639 already melted out of the bergs by the time they drifted across the outer shelf. In addition, the 640 thickness of this deglacial facies increases with distance towards land from the shelf break (Fig.  641   6a) suggesting that either retreat was most rapid on the outermost shelf and (or) that 642 winnowing of some sediment occurred. Acoustic profiles confirm that there is very little (<5 m) 643 unlithified sediment cover on the outer shelf over a thin sheet of subglacial till with varying 644 thickness. The till unit, which is sampled in the outer shelf cores (VC15, VC17, VC19, VC20), is 645 evidence for grounded ice flow in Disko Trough during the last glacial but the somewhat 646 surprising absence of any glacial landforms on the outer shelf (cf. during the 160 years of retreat across the shelf (Fig. 9) forming the mid-shelf GZWs (Fig. 3) . This 653 tight timeframe is indirect evidence for the rate of formation of GZWs, which must have been 654 terrestrial cosmogenic radionuclide (CRN) exposure ages from Nunarssuaq, an island at the 696 eastern end of Egedesminde Dyb, suggest that the island, and therefore the trough, was 697 deglaciated by 11.1 kyr BP (Kelley et al., 2013) . As such, the ice margin may have taken as much 698 as ca. 1000 years (12.1-11.1 kyr BP) to retreat over the basalt plateau and escarpment. 699
Based on the chronology established for the stratified deglacial unit in VC24 (Facies 3, Fig. 8c ) 700 these units may have been deposited in as little as 100 years, indicating that stabilisation of the 701 ice on Disko and Store-Hellefiske banks and on the basalt escarpment was probably only for a 702 few hundred years, rather than 1000 years. It is not possible to further constrain the timing of 703 this stillstand from marine data at this time because the existing marine cores do not penetrate 704 the base of the deglacial stratified unit in either Disko Trough or Egedesminde Dyb. However, 705 CRN ages of from the coast just east of Egedesminde Dyb support rapid deposition of the 706 stratified unit as coastal areas were potentially ice-free by 11.9 kyr BP (Kelley et al., 2015; Fig.  707 
9). 708
The alternation of diamicton units with laminated muds (core Facies 3, AF2) indicates that, 709 shortly after 12.2 kyr BP, the ice-proximal environment in inner Disko Trough was 710 characterised by periods of iceberg calving and of large influxes of subglacially-derived turbid 711 meltwaters, and that deglacial sediments accumulated over the rugged seafloor terrain (Fig. 4b,  712 c). Assuming that the ice margin was indeed stabilised on the shallow banks and basalt 713 escarpment during this slowdown in retreat, or even on land southeast of Egedesminde Dyb 714 after Kelley et al. (2015) , then it seems likely that the inner trough was "surrounded" by 715 grounded ice and that a calving bay (Fig. 10) , through which meltwater and icebergs were 716 expelled, existed in inner Disko Trough sometime between c. 12.2 and 11.1 cal kyr BP. 
Deglacial lithofacies as indicators of style of ice-stream retreat in Disko Trough 727
The limited thickness of deglacial lithofacies on the outer to middle shelf (Fig. 6a) , and their 728 formation as units deposited from the rainout of IRD, indicates that the rapid retreat across the 729 shelf was driven largely by calving rather than melting. Evidence from palaeoenvironmental 730 proxies in VC20 and in cores acquired beyond the shelf break also support rapid ice retreat via 731 calving on the outer shelf (Jennings et al., 2013) . It is interesting to note that there does not 732 appear to be a change in the deglacial lithofacies sampled from cores acquired on the outer shelf 733 to VC21 which acquired sediments from immediately seaward of the largest GZW (see Fig. 3a ) 734
where the ice margin must have paused, at least for a time, during retreat. We acknowledge, 735
however, that the deglacial lithofacies may be thicker or more variable close to the GZWs than 736
we have described here but that the vibrocorer did not recover these sediments (VC21 bottoms 737 out in an IRD-rich deglacial unit and VC26 contains only post-glacial muds; Fig. 6b) . unit in VC24 (deposited over c. 100 years) and the number of couplets identified in that core 766 from x-radiographs (74) we can calculate an average cyclicity of around 1.3 years for the 767 deposition of each couplet. This is close to being an annual signal especially if we consider that 768 some couplets may be difficult to distinguish visually from x-radiographs if they are particularly 769 thin or absent in colder years with low meltwater basal flux, for example. Therefore, the 770 rhythmicity in the lithofacies could reflect a seasonal response with increased melting in the 771 summer months leading to deposition of fine-grained muds followed by IRD-dominated 772 deposition in winter months when calving is the mode of mass loss. This is similar to the 773 glacimarine varves described from southern Alaskan fjords today, although sedimentation rates 774 are much lower. This probably relates to the difference in climate between temperate Alaskan 775 glacimarine settings which are heavily-influenced by meltwater (cf. Domack and McClennan,1996; Gilbert, 2000) and the subpolar or polar environments on that probably existed in West 777
Greenland during deglaciation, even during the Younger Dryas chron which still had warm 778 summers in southern Greenland (cf. Björck et al., 2002) . explained the residual ice in the trough with concurrent major thinning by suggesting that the 838 outlet glacier had a shallow surface profile beyond the basalt sill, with low basal shear stresses 839 and subglacial meltwater facilitating flow across the shelf. Our landform evidence of meltwater 840 erosion (Fig. 4a, b) and deglacial lithofacies (core Facies 3, AF2) with strong meltwater influence 841 (Fig. 8c) appear to support such a scenario. 842
Despite the fact that the exact timing of margin retreat and the configuration of the margin in 843 and around Disko Trough are not fully known, it is clear that topography was an important 844 control on retreat in this system. The GZWs on the mid-shelf occur in an area where the trough 845 narrows to around 20 km and the banks on the either side of the trough also shallow (Fig. 6) . In 846 addition, a more significant stillstand occurred near the head of the trough (this study, 
